LHCf/RHICT:
Zero degree measurements
for cosmic-ray physics
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Physics at Zero degree

v Soft collisions, low-pT < 1GeV
— non-pQCD regime.
| — Phenomenological model is needed
1 v High energy flux
— Most of longitudinal momentum is carried
by remnants of collisions.
These are important for cosmic-ray physics,
especially observation of
ultra-high energy cosmic-rays
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Cosmic-rays
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UHECR observations

~Indirect obser

vation by using the air shower technique

\ 22 Easy to have a large acceptance
\ <> Uncertainty in the reconstruction
of primary CR information.

o [ |

* Energy spectrum
* Anisotropy
* Chemical composition

Shower
Front

Ground Array
i /\ i i ) i g
Fluorescence detector (FD) .e " _
Air fluorescence light
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Composition measurement
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v Improvement of hadronic interaction models is
one of the keys for UHECR studies.

v' LHC provide unique opportunities to verify the
models at Vs=14TeV (Ecr=10"7eV)




Air shower developments and hadronic interaction

Cosmic-ray

‘ Neutral pions ‘

e 10— 2y

Hadronic interaction * Induce .
CR-N or O electromagnetic

showers which is

dominant

components of the

shower.

w ‘ Leading baryons

* bring the energy
to next collisions
 Inelasticity:
fraction of energy
used for particle
productions
K =1 - Eleading/Ecr

Leading p, n

These energetic ¥ and n
are always emitted into
the very forward region.

They must be measured experimentally

We do them at LHC and RHIC

»
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u%% LHCf and RHICf experiments

LHCT experiment

- Zero degree measurement at CERN-LHC

- Two calorimeter detectors (Arm1, Arm2)
at £ 140 m from ATLAS IP
- Operations
» pp: Vs = 0.9 TeV (2010),
Js =276 TeV (2013),
Js =7 TeV (2010),
Js =13 TeV (2015)
» pPb: v/snn =5 TeV (2013,2016)
Jsnn =5 TeV (2016)

RHICT experiment

Sent to BNL in 2015 (SIS
- Zero degree measurement at BNL-RHIC b e

- Only one detector at 18 m from STAR IP - o
- Spin asymmetry measurements B 52

with polarized proton beams
- Operation: pp Vs = 510 GeV (2017)
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LHCf experimental setup
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u%% The LHCf/RHICf detectors

Sampling and Positioning Calorim

W (44 rl ,1.7\;) and 16 GSO scintillator layers

« Four positioning sensitive layers;

Arm1: XY-hodoscope of GSO bars (1mm step)

Arm2: XY-Silicon strip (160 um step)

 Each detector has two calorimeter towers,

which allow to reconstruct =

[ GSO-plate
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@ The LHCTf detectors

GSO Scintillator




Energy resolution
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LHCf operations and results

Run
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% measurement

* 3 + 5 hour operations in June 2015
 Arm1, one detector position

m0—=>27r Eno = Eg1 + Eg2 - Dedicated trigger for Type1 events
cT=2bnm Mn0=x/Eg1E9292
BR = 99.8% 6 :oping angle btw g1 and g2

Geometrical Acceptance

reconstructed mass distribution
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spectra at pp, Vs = 13 TeV
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* In n > 10.76, data shows a strong increasing of neutron production in the
high energy region. This behavior is not predicted by all models.

« EPOS-LHC and SIBYLL 2.3 have the best agreement in 8.99 <n <9.22,

8.81 < n <8.99, respectively.
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Neutron spectra, pp Vs=13TeV
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Forward neutrons
@ RHIC, ISR

The peaked spectra
are explained by

a one-pion exchange
model.

Detailed comparison
iIs needed

™ pr<0.11 Xg
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&I 7l Joint analysis with ATLAS

EXPERIMENT

ATLAS CONF 2017 075

e 1,

— - - 3 O | ATLAS-LHCf Preliminary PYTHIA8212DL]
Identification of diffractive events by ATLAS| & | «- oTevotet -
Method | Large rapidity gap S0 2 010, e
- Event selection by Niracks=0 <= An > 5 E Jood

Ntracks: the number of tracks detected z T e N
by ATLAS inner trackers (|n|<2.5, pt > 100 MeV) -
— Selecting pure samples of proton dissociations. : e folded (otal)
— Sensitive to only low-mass dissociations - L -== MC folded (diff) 1
MX < 50 Gev ] — MC folded (SD) i
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@ Measurement of contributions of diffractive processes

INiF'y to forward photon spectra in pp collisions at Vs = 13 TeV

EXPERIMENT

Preliminary result of the measurement for forward photons is published
In a conference-note; ATLAS-CONF-2017-075

Inclusive photon spectra
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RHICf experiment



RHICf experiment

=) RHIC at BNL
*pp Vs =510 GeV

(polarized beam)

* Test of energy scaling with the wide pr range.-.
* The operation was successfully completed
In June 2017

« Common operation with STAR

STAR Detector i o S
rﬂ\ -~y

lﬁ*ll-l-v’f 7 e RHICF coverage:

Py o //’L o n>0~6

D, o

"ti : ". "'\. 4 r

Ll P ) < (LB
- . & Tl a7

18 m

-M

Calorimeter

Time Projection

Bicianec r

21

£ Forward Time Projection Chamber



Physics in RHICf

Cross-section measurement

Forward photon yield

4
: — "":': Phase space coverages at
v Measurement of Vs dependency (=Energy scaling) § 351 LHC 7TeV p+p collision
with the wide pt range equivalent to LHCf,Vs=7TeV SR ';::E 382‘;:5 z:g zg”:zz:
— Improve the prediction power of models E 25 -- __ LHC 900GeV p+p collision o
in the wide energy rage. 2T
LHC Vs=7Te §
ptcoverage: < 1/2 Vs sin®@  |RHIC Vs =510GeV o

=

Spin asymmetry measurement S, Published preliminary results of
. Spi try (An) f 0
A PhD student, M. Kim, P pin asymmetry (An) for m
Is completing TT° asymmetry
measurement (next pages)

_ M =Ny
_NT—I—N¢

L2

AN




spin asymmetry of 1’ production

® AN (transverse single-spin
asymmetry ) measurement

o dGLeft - dGRight

N =
dGLeﬁ ™ dGRight

m | arge asymmetry was found

in1<n<4 (pr>~1GeV/c)
i p+p — 1% + X
- Explanatlons 0.15 L ® PHENIX n° 3.1<n<3.8, {s=62.4 GeV +
g . i E704 n° 1.0<n<4.6, {s=19.4 GeV
a [nitial-stat effect ? final-stat effect ? ! s STAR a5, 200 Gol +
_ 04| STAR <=7, 152200 GeV %{
m Questions < I i +
O An in the very forward region ? s ?
- * 3%
The RHICf detector covers - b
r] > 6’ pT < 1GeV/C' U_I . I0'|.1I - I0.|2I . IO!SI - I{l.|4flI . I{].l.":':I - I0[6I - I'l).li*'I - I(1.8



RHICf result: ° spin asymmetry

 Large asymmetry (up to 0.1 GeV/c) even at low pt(pt < 0.6 GeV/c)
* Becoming large (more than 0.1 GeV/c) at high pr(pt> 0.6 GeV/c)

z0.3
<

- RHICT Preliminary
0.25F pl+p — n%X at {5 = 510 GeV __
- 6<1
0.2 m ”
u 0.2<x-<04
0.151 0.4 <x.<0.6
-+ 06<x.<1.0
ot 0
- ; 3 4]
0.05;— 0
b & o
-0.05"
N 1 | | | |
0'b 0.2 0.4 0.6 0.8

Data:

 RHICf 2017 operation
with pp Vs = 510GeV

* Use both type1 and
type2 ¥ samples

Error bars : statistics
Error box : systematic
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Future plans of LHC{/RHICf

m Operations at LHC, LHC-Run3
pp, Vs=13 or 14TeV again

e |Increasing the statistics of T and common events with ATLAS
e measurement of n (N—2y), K% (K%—210—4y)
e common-operation with ATLAS RP and ZDC
pO (OO0) collisions
e |deal for studying the cosmic-ray interactions of CR-Air
o Measurement of nuclear effect at light ion collisions

B Operation at RHIC
pp Vs=510GeV again in 2022.

e |ncrease the statistics of ¢
e measurement of n (N—2y), K% (K%—210—4y)

25



Kaons In atm. v productions

lceCube detected astronomical neutrinos.
Better understanding of background
(Atmospheric neutrinos) is required.

cnergy Threshold 6 years (ICRC 201 7)
Background Atmospheric Muon Flux «
Bkg. Atmospheric Neutrinos (#/K) Atm OspherIC V ﬂ ux
Background Uncertainties “
102 . — Atmospheric Neutrinos (90% CL Charm Limit)|{ — total other prompt  —— K~ b — A — Hdecay
[ R Data ] === total conv. —== other conv. — Kg — D unflavored T
n v ] —=— total prompt —— m Kk Ds
o IceCube Preliminary
S ? T 10 E vy + D
= ot BEEE L L0 Kaon Y
N | > 1072
7 | ©
3 % 107 D mesons
() 0 L
> 10° B LT =T T S
[t
! Vg
10'1 ................ S CTITREIH TR R - E g
: | O +
S i 1 L, [N
10 10° 10

Deposited EM-Equivalent Energy in Detector (TeV)

lceCube, ICRC2017



An idea for the future operation at RHIC

m pp,\s=510GeV scheduled in 2022.

m  Key of the operation oof |
O High statistics of 1% events S |
O Detection of rare particles K°, A 20

>

Maximize the acceptance g
with keeping the performances, good energy

and position resolution for individual particles 4of—

201

1 | K EREEN EERE] REEEN R REEhd EERE EEE] EREE] REEE EREd EErhd EREEN ERRE] EREEN Erk] REied Bar Bkl e N |
-60 -40 -20 0 20 40

K% 4y
IP \I detector

B |deal detector: Si Pad calorimeter
Collaboration required, with ALICE-FoCal ? with future EIC-ZDC ?

27



m | HCf/RHICf measures the energy spectra of neutral
particles, y,°, and n in the very forward regions of
collisions, which is important for understanding air-shower

developments.

m QOperations have successfully completed for
LHCf pp: Vs =0.9, 2.76, 7, 13 TeV and
pPb: Vsnn = 5, 8 TeV.
RHICf pp: Vs =510GeV (polarized beam)

m Many results were already published and many analyses
are still on-going including the combined analyses with
ATLAS or STAR.

m Future plan

O Operations at LHC with pp and pO (or OO) and
operation at RHIC with pp

28
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1’ pr spectra at pp,7TeV

O. ADRIANI et al. PHYSICAL REVIEW D 94, 032007 (2016)
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Joint Analysis with ATLAS

- Selection of Diffractive interactions -
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T pz (~E) spectra at p+p,7TeV
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@ Measurement of contributions of diffractive processes

INiF'y to forward photon spectra in pp collisions at Vs = 13 TeV

EXPERIMENT
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« At n>10.94, the ratio of data increased from 0.15 to 0.4.
with increasing of the photon energy up to 4TeV.
. predicts higher fraction at higher energies.
« SIBYLL2.3 show small fraction compare with data at n>10.94.
* At 8.81 < n < 8.99, the ratio of data keep almost constant as 0.17.
« EPOS-LHC and show good agreement with data at 8.81 <n < 8.99.
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£ Photon Energy Flow
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Neutron, p-p Vs=13TeV

Motivation

* Inelasticity measurement Kinela
Kinela = 1 - Eleading/Ebeam

* Large discrepancies between data and model prediction
were found in the measurement at p-p, Vs=7TeV

Data

* 3 hour operation in June 2015 :
 Low pile-up, u~0.01 038
Analysis

 Particle Identification

EM shower — develop in shallow layers
Hadronic showers — develop in deep layers

* Energy resolution of 40%

0.2

» Contamination of A9, KO O

x10°

L2op (PID estimator) Distribution

| 5.25TeV<Eq<55Tev [| | o

2 | F555 QGSJET 11-04 (photon)

/
Z
/
72 - QGSUJET 1I-04 (hadron)

/,
71 | —— QGSJET 1104 (fit

'“1”5 205 a0 e a0 s 5o

Lop [X ]



